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Abstract
Single W production is studied in the data recorded with the ALEPH detector at LEP
at centre-of-mass energies between 161 and 183GeV. The cross section is measured to
be σW = 0.41 ± 0.17(stat.) ± 0.04(syst.) pb at 183GeV, consistent with the Standard
Model expectation. Limits on non-standard WWγ couplings are deduced as −1.6 < κγ <
1.5 (λγ = 0) and −1.6 < λγ < 1.6 (κγ = 1) at 95% C.L. A search for effectively invisible
decays of the W boson in W pair production is performed, leading to an upper limit on
the branching ratio of 1.3% (Γinv = 27 MeV) at 95% C.L.
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1 Introduction
The Standard Model has been tested to high accuracy at LEP, CERN’s large e+e− collider
operating at centre-of-mass energies near the Z boson resonance [1]. The increase of LEP’s
centre-of-mass energy beyond the W pair production threshold offers an opportunity to
study the properties of the W boson and search for new physics.
The measurement of the trilinear gauge boson couplings (TGC) is an important test
of their non-Abelian nature. In this paper the notation of [2] is followed, where the C
and P conserving couplings are denoted as ∆gZ1 = g
Z
1 − 1, κγ, κZ, λγ and λZ, where γ
(Z) refers to the WWγ (ZWW) vertex. In the Standard Model κγ = κZ = 1 while all
other couplings are zero. The couplings describing the WWγ vertex can be related to
the magnetic dipole moment µW = e/(2mW)(1 + κγ + λγ), and the electric quadrupole
moment: QW = −e/m2W(κγ −λγ) [3]. While the couplings have been measured in W pair
production [4, 5, 6, 7], the WWZ vertex cannot be distinguished from the WWγ vertex
in these measurements.
Single W production offers a clean access to the couplings of the WWγ vertex, in
particular to κγ [8]. The measurement of the production cross section, presented in this
paper, is sensitive to the couplings and thus limits can be set on new physics parametrised
by the WWγ couplings.
Supersymmetric extensions of the Standard Model predict in particular charginos, the
supersymmetric partners of the charged gauge and Higgs bosons, neutralinos, the partners
of the neutral gauge and Higgs bosons, and sneutrinos, partners of the neutrinos [9]. In the
standard search for the pair production of charginos, the final state can become effectively
invisible when the mass difference between the sneutrino and the chargino is less than
about 3 GeV/c2 [10, 11]. It was pointed out in [12] that this “blind spot” might partially
be covered by the search for the mixed Supersymmetric/Standard Model final state of
W pair production, where one W boson decays to chargino and neutralino, the chargino
decaying to a sneutrino and a lepton (with an energy too small to be detected), while the
other W boson decays to Standard Model particles. This topology will hereafter be called
single visible W bosons. The search for single visible W bosons in W pair production
leads naturally to a determination of the invisible branching ratio (or partial width) of
the W boson.
This paper is organized as follows. After a description of the ALEPH detector and
the Monte Carlo samples, the measurement of the single W production cross section is
discussed in section 4. The search for single visible W bosons is described in section
5, followed by the conclusions. The results presented in this paper are obtained using
data recorded with the ALEPH detector at centre-of-mass energies of 161.3, 172.1 and
182.7GeV, referred to hereafter as 161, 172 and 183GeV, with integrated luminosities of
11.1, 10.8 and 57 pb−1, respectively.
2 The ALEPH Detector
The ALEPH detector is described in detail in Ref. [13], and its performance as well as
the standard analysis algorithms are given in Ref. [14]. Here only the parts relevant to
this analysis are described briefly.
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The tracking system consists of a silicon vertex detector (VDET), a cylindrical drift
chamber (ITC) and a large time projection chamber (TPC), all situated in a 1.5 Tesla
magnetic field provided by a superconducting solenoidal coil. The tracking system achieves
a transverse momentum resolution of ∆PT/PT = 6× 10−4PT (PT in GeV/c).
A highly granular electromagnetic calorimeter (ECAL) situated between the TPC and
the coil is used to identify electrons and photons and measure their energies. The ECAL
achieves an energy resolution of σE/E = 0.18/
√
E(GeV) for isolated electrons and photons.
At low polar angles, luminosity calorimeters (SiCAL and LCAL) extend the coverage
of the ALEPH detector down to 34mrad. The hadron calorimeter (HCAL) consists of
the iron return yoke of the magnet instrumented with streamer tubes. It provides a
measurement of hadronic energy with the energy resolution of σE/E = 0.85/
√
E(GeV).
The HCAL is complemented by outer muon chambers.
The tracking and calorimetry information is combined in an energy flow algorithm
providing a list of objects classified as tracks, photons and neutral hadrons [14]. Particle
tracks, with a polar angle greater than 18.2◦, which originate from within a cylinder of
2 cm radius and 20 cm length, centered on the nominal interaction point are defined as good
tracks. Leptons are identified as electrons by their shower’s longitudinal and transverse
energy distribution in the ECAL. Muons are identified by their penetration power via
their hit pattern in the HCAL and associated hits in the muon chambers.
3 Monte Carlo Samples
Fully simulated Monte Carlo event samples reconstructed with the same program as the
data were used for the design of the selections, determination of signal efficiency and
the estimation of the background. Signal samples and all major background sources
correspond to at least 20 times the collected luminosity.
The GRC4F program [15] was used as a Monte Carlo generator for the single W
signal. The effective QED coupling constant αQED = 1/130.2 was used, following the
suggestion in Ref. [16]. For initial state radiation, the photon structure function approach
was utilized. Final state radiation was simulated with the PHOTOS [17] package. Tau
decays were handled by TAUOLA [18]. Signal events were also generated with PYTHIA
for cross checks [19].
Two-fermion events were generated with PYTHIA (qq̄), UNIBAB (e+e−) [20] and KO-
RALZ [21] (µ+µ−, τ+τ−). W pair production events were generated with KORALW [22].
PYTHIA was used to generate four-fermion events (Zee, ZZ). PHOT02 [23] and PYTHIA
were used to simulate two-photon processes.
To simulate the mixed Standard Model/Supersymmetric decay in W pair production,
W pair events were generated with KORALW. One of the W boson decays was replaced
by an isotropic decay to chargino and neutralino, followed by the chargino decay to a





























Figure 1: Dominant t-channel diagrams for the process of e+e− → e−ν̄eµ+νµ.
4 Single W Boson Production Cross Section
The dominant diagrams of the four-fermion process of single W production are shown in
Fig. 1 for the eνµν final state. The first diagram is sensitive to the WWγ coupling; the
equivalent diagram with the WWZ coupling is strongly suppressed due to the large mass
of the Z boson. The outgoing electron is predominantly emitted at small polar angles.
To suppress the contribution from other four-fermion processes, which give rise to the
same final states, but whose characteristics are different from the single W process, the
single W signal is defined at the generator level as
ϑe < 34 mrad,
E` > 20 GeV and | cosϑ`| < 0.95 for the leptonic decay,
Mqq̄′ > 60 GeV/c
2 for the hadronic decay,
where ϑe is the polar angle of the scattered electron and E` and ϑ` are the energy and
polar angle of the charged lepton from the W decay; Mqq̄′ is the invariant mass of the
quark pair.
As ϑe = 34 mrad corresponds to the lower edge of the angular acceptance of the
ALEPH detector, the outgoing electron escapes undetected (untagged). Two distinct
topologies are identified: for the leptonic decays of the W boson a single lepton will be
observed, whereas for the hadronic decays an acolinear and acoplanar hadronic system
with the mass of the W boson is expected.
4.1 Leptonic Selection
In leptonic decays of the W boson, a single track is expected from the electron, muon or
single-prong tau decay. A higher multiplicity is expected for other tau decays. Therefore,
events with one or three good tracks are accepted and the visible mass must be less than
5 GeV/c2.
The polar angle of the missing momentum direction is required to be greater than 25.8◦.
To reject tagged two-photon events, the energy E12 measured within a cone of 12
◦ around

















Figure 2: The transverse momentum distribution for data (points) and Monte Carlo (solid
histogram) at 183 GeV. The signal Monte Carlo is shown as a dashed histogram. Several
cuts were loosened to ensure sufficient statistics for this plot.
The remaining backgrounds, mainly untagged two-photon events and two-fermion
events, are eliminated with the requirement that the transverse missing momentum be
greater than 6%
√
s. This threshold is increased to 10%
√
s if the missing momentum di-
rection points within 10◦ in azimuth to the boundaries between the two LCAL halves or
the six inner sectors of the TPC. The data agree well with the Standard Model Monte
Carlo as shown in Fig. 2 for the transverse missing momentum distribution. It is required
that no energy be found within a wedge of 10◦ opposite to the direction of the transverse
momentum reconstructed from charged tracks (large angle neutral energy veto). The
selection criteria described up to this point constitute the core of the leptonic analysis,
which hereafter will be referred to as the leptonic kernel.
At this point the remaining background is Zee with the Z boson decaying to neutrinos.
It is reduced by taking advantage of the softer lepton spectrum with respect to the signal.
Events containing an identified electron with an energy less than 20 GeV are rejected,
where the energy is defined as the sum of track energy and neutral objects in a cone
of 10◦.
The selection efficiencies for the three leptonic W boson decay modes are 81% for
electron, 82% for muon and 48% for tau. The expected background amounts to 38 fb at
161GeV, 41 fb at 172GeV and 55 fb at 183GeV, dominated by the process Zee. In the
data, 11 events are observed, in agreement with the expectation from the Standard Model
of 10.9 events (3.8 events background). Five events with an electron or muon are selected,
where 8.4 events are expected.
The inefficiency due to unsimulated beam-related background, measured with events
recorded at random beam crossings, amounts to 4% at 161 GeV, 2% at 172 GeV and
4.6% at 183 GeV.
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4.2 Hadronic Selection
To select the hadronic decay of the W boson, at least seven good tracks are required. The
polar angle of the missing momentum must be greater than 25.8◦ to suppress the back-
ground from qq̄ events. Tagged two-photon events and two-fermion events with initial
state radiation are rejected by demanding that the energy E12 be less than 2.5%
√
s. Un-
tagged two-photon events are rejected by requiring that the visible mass exceed 60 GeV/c2.
The visible mass is required to be less than 90 GeV/c2 to reject ZZ events.
Events are rejected if the energy in a wedge of 30◦ centred on the transverse missing
momentum direction is greater than 10%
√
s. The acollinearity angle between the two
hemisphere momentum directions is required to be less than 165◦.
The semileptonic final state (`νqq̄′) of W pair production is efficiently rejected by
requiring that no identified electron or muon with an energy of more than 5%
√
s be
reconstructed. The selection criteria described up to this point will be referred to hereafter
as the hadronic kernel.
To reject semileptonic decays of W pairs in which the charged lepton is a tau, the tau
jet is reconstructed as described in [24]. The event is rejected if a tau jet is reconstructed
with a charged energy of more than 2.5%
√
s and if the invariant mass of the hadronic
system, excluding the tau jet, is greater than 60 GeV/c2 or if the angle between the two
quark jets is greater than 150◦ at 161GeV, 130◦ at 172GeV or 100◦ at 183GeV. The latter
cut decreases with the centre-of-mass energy because the boost of the W boson increases.
The efficiency for the hadronic W channel is typically about 40%. The background
amounts to 69 fb at 161GeV, 164 fb at 172GeV and 188 fb at 183GeV, dominated by
W pair production. The largest contribution to the systematic error is the statistical
precision of the background determination (10%).
In this channel, 21 events are selected in the data, in agreement with 21.2 events
(13.1 events background) predicted by the Standard Model.
4.3 Results
Due to the limited statistics accumulated so far, the energy dependence and the flavour
composition of the final states arising from single W production are assumed according
to the Standard Model in deriving the results. The single W cross section at 183GeV is
determined to be
σW = 0.41± 0.17(stat.)± 0.04(syst.) pb.
The measurement agrees well with the Standard Model expectation of 0.41 pb calculated
with GRC4F. The dominant contribution to the systematic error is the uncertainty on
the background estimation for the hadronic channel.
The generators PYTHIA and GRC4F were compared for the signal simulation. They
differ significantly in the prediction of the cross section, traced back to the PT spectrum
of the outgoing electron. However, the resulting efficiencies agree reasonably well. The
measurement of the cross section therefore does not depend strongly on the generator
used.
While single W production is sensitive to the WWγ coupling, W pair production, the
dominant background, depends both on the WWγ and the WWZ vertex. A conservative
5
approach in setting limits is to fix the background expectation to its Standard Model

























Figure 3: The single W total cross section calculated with GRC4F as function of (top)
κγ(λγ = 0) and (bottom) λγ(κγ = 1). The horizontal solid line indicates the measured
cross section, the dashed line the upper limit on the cross section at 95% C.L. The
Standard Model expectation is denoted by the square.
The measured cross section is translated into an upper limit on the production cross
section taking into account the physically allowed cross section region, following the pre-
scription of [25]. This procedure is performed while varying one coupling at a time. The
95% C.L. limits on κγ and λγ , shown in Fig. 3 are
−1.6 < κγ < 1.5 (λγ = 0),
−1.6 < λγ < 1.6 (κγ = 1).
The L3 collaboration has reported on a study of single W production at LEP2 for energies
between 130 and 183GeV [26]. The DELPHI [5] collaboration has analysed WW and
6
eνW production jointly. ALEPH has measured the couplings at the WWγ vertex with
single γ production (e+e− → νν̄γ) for energies up to 183 GeV [27]. At hadron colliders,
by measuring Wγ production, UA2 [28], CDF [29] and D0 [30] have a higher sensitivity
for λγ compared to LEP.
5 Search for Single Visible W Bosons
In W pair production, effectively invisible decays of the W boson can be tagged by the
decay of the other W boson to Standard Model particles. An example is the decay of
the W boson to supersymmetric particles: a W boson decays to chargino and neutralino,
followed by the chargino decay to sneutrino and lepton. The supersymmetric decay of the
W boson becomes effectively invisible if the chargino and sneutrino are mass degenerate.
The final state topologies for the mixed Standard Model/Supersymmetric decay mode
of W pair production are defined by the mass difference ∆M between the chargino and
sneutrino: ∆M ≈ 0 is hereafter referred to as the degenerate case and ∆M = 3 GeV/c2
as the nondegenerate case.
Three distinct selections are necessary: single leptons (degenerate case), acoplanar lep-
tons (nondegenerate case), and a hadronic selection (for both cases). With the exception
of the acoplanar lepton case, the topologies closely resemble the single W process dis-
cussed in the previous section. The main issue for the selections is therefore the rejection
of the single W background.
5.1 Single Lepton Selection
In the single lepton analysis the leptonic kernel is used. The lepton is required to be
identified as an electron or a muon.
In the signal the lepton originates from a two-body W decay, while in the single W
background the W boson recoils against an eν system leading to a broader distribution
of the lepton energy. The energy of the lepton is therefore required to be greater than
32GeV and less than 52GeV at 161GeV; the window is enlarged at 172GeV from 26GeV
to 60GeV and finally, at 183GeV, the energy must be greater than 24GeV and less than
70GeV.
Typically, an efficiency of about 71% is obtained. The background is dominated by the
single W and Zee processes. The background is lowest at 161GeV (36 fb) and increases
to 66 fb and 96 fb at 172GeV and 183GeV.
In the data, 2 events are selected, where 7.3 are expected from background processes.
This result reflects the deficit of electrons and muons observed in the single W cross
section measurement. One event is a single muon event at 172GeV. The other event is
observed at 183GeV and has a single electron.
5.2 Acoplanar Lepton Selection
In the acoplanar lepton analysis, two or four good tracks are required and the smallest
triplet mass, interpreted as a tau decay, must be less than 1.5 GeV/c2. The acoplanarity
angle of the two leptons must be less than 170◦ to reject two-fermion events. To reject
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background events with initial state radiation while retaining signal events with final state
radiation, a photon veto is applied. If a neutral object is reconstructed with an energy
of more than 4 GeV, separated from each of the two leptons by more than 10◦ and if
its invariant mass with each of the leptons is greater than 2 GeV/c2, then the event is
rejected. The acollinearity angle of the two leptons is required to be greater than 10◦.
To reject the tagged two-photon background, the energy E12 is required to be zero.
Untagged two-photon events are vetoed by requiring the transverse missing momentum
to be greater than 10%
√
s.
As in the single lepton analysis, the leading lepton is required to be identified as an
electron or a muon. Its energy must fall in the same ranges as for the single lepton case.
At this point the dominant background is (Standard Model) W pair production. In
the signal the least energetic lepton is expected to be soft and so the energy of the lepton,
i.e., the track energy plus the neutral objects in a cone of 10◦ around it, is required to be
less than 5GeV.
For ∆M = 3 GeV/c2 and a chargino mass of 45 GeV/c2, the efficiency at the lowest
centre-of-mass energy is 65%, decreasing to 59% and 54% at 172GeV and 183GeV due
to the increased boost of the chargino. As the background is dominated by W pair
production, the background increases from 12 fb at 161GeV to 38 fb and 44 fb at 172GeV
and 183GeV.
For the sum of the three centre-of-mass energies, a total background of 2.9 events is
expected. In the data, no events are selected.
5.3 Hadronic Selection
The hadronic selection starts with the hadronic kernel of the single W analysis. To cope
with the variation of the mass difference ∆M in an optimal way, the tau jet veto is applied
with a sliding threshold of (2.5 + 0.2∆M)%
√
s on the charged energy of the tau jet. The
same cuts as in section 4.2 are then applied on the invariant mass of the hadronic jets
and their acollinearity angle.
The missing mass is required to be greater than 70 GeV/c2 and less than 100 GeV/c2
as the recoil mass of the signal is expected to be about the mass of the W boson. The
missing mass distribution for the signal, the Standard Model Monte Carlo and the data
is shown in Fig. 4.
The efficiency for the degenerate (nondegenerate) case is estimated to be 30% (24%)
at 161GeV, 39% (37%) at 172GeV and 41% (33%) at 183GeV. Far above the W pair pro-
duction threshold, the background increases substantially from 70 fb (73 fb) at 161GeV
to 188 fb (206 fb) and 209 fb (235 fb) at 172GeV and 183GeV for the degenerate (nonde-
generate) case.
In the data, 1 event is selected at 161GeV, 3 events at 172GeV and 10 events at
183GeV, where 0.8, 2.2 and 13.4 events, respectively, are expected for the loosest cuts,
i.e., ∆M = 3 GeV/c2. The tightest cuts, corresponding to the mass degenerate case,
accept the same events in the data, while the background expectation is reduced to 0.8,


















Figure 4: The missing mass distribution for data (points) and Monte Carlo (solid his-
togram) at 183 GeV. The signal Monte Carlo in arbitrary normalisation is shown as
dashed histogram. Several cuts were loosened to ensure sufficient statistics for this plot.
5.4 Results
No excess of candidate events with respect to the Standard Model expectation is observed.
Therefore limits on the branching ratio of the W boson are calculated.
Conservatively, only irreducible physics backgrounds are subtracted: the single W
process in the single lepton selection and single W and W pair production in the hadronic
selection. The background estimation is reduced by the statistical error of the Monte Carlo
sample. The signal efficiencies are reduced by 3% to take into account the systematic
error, which is dominated by the limited Monte Carlo statistics and lepton identification
efficiency. This procedure leads to a subtractable background of at most 14.3 events
(Bsusy = 0), where 16 events are selected in data.
The cross sections used in the calculation of the limit are reduced by 2% in order to take
into account the variation of the total WW cross section as a function of the total width
(including the new channel) and the general theoretical uncertainty. Limits at 95% C.L.
on the W boson supersymmetric branching ratio are then obtained as (Bsusy + BSM = 1)
Bsusy(∆M ≈ 0) < 1.3 %,
Bsusy(∆M = 3 GeV/c2) < 1.9 %,
assuming B(χ± → `ν̃) = 100% and mχ± = 45 GeV/c2, mχ = 22 GeV/c2.
The minimal supersymmetric extension of the Standard Model is governed by a few
parameters, among them µ, a supersymmetric Higgs mass term, and the ratio of the
vacuum expectation values of the two Higgs doublets tanβ. The supersymmetry breaking
mass terms M2 and M1 are related via the unification condition M1 = 5/3 tan
2 ϑWM2 for
the following.
A typical example for the “blind spot” is µ = −200 GeV/c2 and tan β = 2. The limit
on the branching ratio as a function of the gaugino mass parameter M2 is shown in Fig. 5;
mχ± < 51 GeV/c
2 is excluded at 95% C.L. under the assumptions mentioned above. The
reduction of the cross section due to the production of massive particles is taken into

















Figure 5: Branching ratio of W to χ±χ (solid curve) for µ = −200 GeV/c2, tan β = 2
and ∆M < 3 GeV/c2. The branching ratio limit is the dotted line. The dashed line is the
LEP1 chargino mass limit. The sum of the branching ratios B(W → χ±χ)+B(W → χ±χ′)
(dash-dotted curve) is also shown.
Even though the search for effectively invisible W bosons is driven by the supersym-
metric scenario, it must be noted that the limit on the branching ratio in the degenerate
case is fairly model independent. As long as a model yields no reconstructable track, the
knowledge of the underlying model to create a effectively invisible decay of the W boson
is not necessary.
The definition of the degenerate case is identical to that used in Ref. [31], where a limit
of 139 MeV was determined indirectly by the measurement of the W pair production cross
section. The combination of the measurements of the four LEP experiments improves the
result to 41 MeV [32]. A limit on the invisible W decay width of 109 MeV was obtained
from measurements of the weak boson production rates at the Tevatron combined with the
Z data at LEP and the Standard Model prediction for the leptonic branching ratio [32].
These limits can be compared directly to the limit obtained in this paper, translated into
a limit on the partial width: 27 MeV.
6 Conclusions
Single W production has been studied in the data recorded with the ALEPH detector at
centre-of-mass energies up to 183GeV. The single W production cross section is measured
to be σW = 0.41 ± 0.17(stat.) ± 0.04(syst.) pb, in agreement with the Standard Model
expectation. From this measurement, limits at 95% C.L. on the WWγ couplings,
−1.6 < κγ < 1.5 (λγ = 0) and −1.6 < λγ < 1.6 (κγ = 1), are deduced.
A search for single visible W bosons was performed, leading to a limit on the invisible
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branching ratio of the W boson of 1.3% (or equivalently Γinv = 27 MeV) at 95% C.L.
For a particularly difficult point (“blind spot”) in the parameter space of the MSSM
(tanβ = 2, µ = −200 GeV/c2 and 0 < mχ± −mν̃ < 3 GeV/c2), charginos with masses up
to 51 GeV/c2 are excluded.
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